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Abstract 
We have examined the roles of induced impurity potential into ȕ-FeSi2  lattice.  Because of  the specific band structure, new 
mechanism through the  induced impurity potential are essential for the improvement of optical properties.  Expecting the  role of 
induced impurity potential as the source of exciton, we try to apply  the  successful case of GaP:N to the ȕ-FeSi2. If  C atom is 
substitutionally dissolved in the ȕ-FeSi2  lattice,  impurity potential caused by local C atom would generate  bound exciton 
because of the difference of electronegativity between Si and C atoms. The oscillator strength would be  expected to be  greatly
enhanced without any help of phonon because of the formation of Wanier exciton around C with relatively small radius. 
© 2010 Published by Elsevier B.V. 
Keywords:  Impurity potential , Wanier exciton, isoelectronic doping, optical properties 
1. Introduction 
.     The role of induced impurity potential on the optical properties of ȕ-FeSi2 has not been completely understood 
until now.  Concerning the photoluminescence ( PL )properties, it is observed that Al doped ȕ-FeSi2 shows the 
enhancement of PL intensity[1]. Based on their article, the Al doping by ion implantation results in the decrease in 
Si vacancies, which leads to the enhancement of PL intensity. On the other hand,  ion beam synthesized(IBS) ȕ-
FeSi2 devices  newly fabricated by  dislocation engineering method shows  decrease in electroluminescence 
(EL)intensity at room temperature is relatively restrained[2]. In contrast, thermal quenching drastically decreases the 
EL intensity at room temperature as already found in the conventional IBS ȕ-FeSi2 devices[3].  Considering the both 
experimental cases, the  impurity potential induced intoȕ-FeSi2 lattice probably plays an important  roles on 
determination of various optical properties. In this article, we, therefore, investigate induced impurity potential from 
the viewpoints of theory and the numerical calculation and  propose the new method to improve the optical 
properties . 
2. Theory and Calculations 
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Iron-dicilicide ȕ-FeSi2 has a complex crystalline structure composed of 16 iron atoms and 32 silicon atoms per 
unit cell [4]. Concerning the electronic states reflected by such a complex crystalline structure, various calculations 
such as APW [5] , LMTO with LDA[6,7] the semiempirical tight-binding [8]  and FLAPW[9] methods suggest  the 
rather structure sensitiveness for the lowest gap in ȕ-FeSi2 . The self-consistent LMTO in its scalar relativistic 
version within the LDA scheme including exchange and correlation effects shows the presence of two energetically 
close valleys in the conduction band whereas  there exists only  one summit ,i.e., ǔ point between ǌ-Z in the 
Brillouin zone, in the valence band [10]. Based on  this article, one of two valleys locates at ǔ point and another at 
Y point.  Also, the calculation results by A.B.Filonov et al[7] show the presence of the same two valleys in the 
conduction band(ǔand  Y points) whereas   two summits appear in the valence band: one at  ǔ point and another 
at Y point although calculated energy dispersion is very similar to Lange’s result[10] with showing slight higher 
energy level at  Y point.  The calculations   by Christensen[6] suggest the possibility of  indirect gap, but  there only 
exists slight difference between direct and indirect gap.  
 From the experimental viewpoint , it is also  difficult  to determine whether dominant transition process is direct 
or indirect. Indirect energy gap accompanying with direct gap locating at only a few tens meV above is 
observed[11-13] whereas  only a direct band gap is observed by other groups[14-16]. Furthermore, changes in the 
lattice parameter is turned out to have the  influence on band structure with the result that  the direct and  indirect 
transition energies somewhat changes[17].    
 As stated above, we can conclude  the dominant transition process between bands  are strongly ascribed to the 
structure sensitiveness of lattice on the basis of the results of theories and experiments. Especially differences of 
energy levels between   two valleys in conduction band and between  ǔ and Y points in the valence band are very 
close less than 0.1eV, which can be easily changeable by  the fabrication methods and calculation ways such as 
APW,LAPW and LMTO etc with resulting in the appearances of the direct or indirect band gaps. Furthermore, 
considering the specific band structure of  ȕ-FeSi2 as described above,  lattice vibrations would   play  important role 
on determination of  transition processes although  phonon energy is very small in comparison with Fermi level. 
Consequently, we consider that it is essential  to introduce impurity potential into this lattice for the purpose of  
improving the optical properties of  ȕ-FeSi2.
    For example, FeSi2 devices  newly fabricated by  dislocation engineering method  exhibits improvement for the 
optical properties[2]. In this case, we can consider the presence of strain field V(r) around the dislocation; thus 
impurity potential H’ can be given  in the following manner: 
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 where   Ƙ k+ and Ƙ k’     are   creation  and annihilation operators of a conduction electron with momentum k and k’ 
and Ȁk(r)  is the wave function with momentum   k of Bloch electron.   If we assume  Vkk’ =V0 =const,  then the 
Hamiltonian H including the above impurity potential   'Hˆ    can be easily diagonalized.  
                                                                                                                                                                                
(2) 
where                                                                                                                                                                         
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Above equation shows that E(k) is an eigen value for the newly formed state k, which is bound by the presence of 
impurity potential. From simple numerical calculation, impurity level is formed at the top of energy level when  V0 >
0. In contrast, lowest energy level corresponds to impurity state for the case of               
V0 < 0.  Fig 1  schematically summarizes the numerical calculation results for E(k).
   When dislocation is formed(or introduced) in the ȕ-FeSi2 lattice, electronic charge distribution in the area close 
to dislocation is somewhat different from the rest of lattice because of the local disarrangement of atomic 
configuration caused from dislocation. Consequently such a distortion of charge around the dislocation forms local 
potential, i.e., strain field V(r), which is attractive or repulsive to the conduction electrons, with depending on the 
sign of V0: attractive interaction for V0 < 0 while repulsive interaction for V0 >0.  Provided attractive interaction 
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works between electron and strain field, excitons would be formed 
around dislocation; thus the improvement of optical properties  
would be somewhat  related to this formation of exciton. 
  Next let us consider the other case, that is, the role of dopant.   
Concerning the photoluminescence ( PL )properties, Al doped ȕ-
FeSi2 shows the enhancement of PL intensity[1]; thus doping is 
very effective measure to improve the optical properties.  
However the detailed role of doping element  in  ȕ-FeSi2 lattice 
hasn’t  been well-understood.  As stated above, dominant 
transition process between bands  can be easily changeable, so we 
can not expect phonon assisted  transition process(indirect 
process) because of too weak oscillator strength. Instead,  we can 
expect the  impurity-bound excitons such as the case of 
isoelectronic doping of GaP:N. When nitrogen is substitutionally dissolved in the GaP lattice[18], higher 
electronegativity of N(3.04 Pauling electronegativity) can therefore  attract  the electrons with forming a bound 
Wannier exciton having the radius of about 3nm.  It should be noted that this exciton radius is very small in 
comparison with the usually observed exciton’s radius of about 10nm. Such a small radius means that  this Wanier 
exciton can possible have any wave vector in the 1st. B.Z. from the demand of the uncertainty principle as shown 
below, 
                                                   hkr !''                                                                                                     (3)
Accordingly oscillator strength is greatly enhanced 
without any help of phonon because the electron trapped 
around N, the energy level of which locates at somewhat 
below the X point at the conduction band, has a long 
range of  momentum .   Then let us apply the above idea 
to the improvement of  optical properties of ȕ-FeSi2. We 
can mention the carbon as the possible candidate element 
for isoelectronic doping because Pauling electronegativity 
of C is 2.55 while that of Si is 1.90. Furthermore, based 
on the many experimental results, it is well-known that  
small atom such as N or  O can easily generate bound 
state. Although radiuses of O and N are about 55 and 60 
pm, respectively and are somewhat smaller than that of C 
atom(about 77pm), C atom seems to be sufficient 
candidate considering the atomic radius of Si being about 
118pm. If C atom  is substitutionally dissolved in the ȕ-
FeSi2  lattice, C atom probably  attracts electrons because 
of higher electronegativity than that of Si; thus we can expect  larger  negative charge of carbon than that of Si.  
For the purpose of  examining the charge of carbon which occupies Si site  in the ȕ-FeSi2  lattice, we calculate the 
charges for CFe15Si29 and Fe15Si30 clusters, where the latter cluster, i.e., Fe15Si30 cluster is used for the comparison 
with charge of C atom.  The center of latter cluster is Si atom and   CFe15Si29 cluster is  obtained by exchange of C 
atom  into Si atom which occupys  the center of  Fe15Si30 cluster; thus atomic configurations of both cluster are same 
except for the  center  atom. When constructing the  clusters, we assume each cluster includes all atoms within the  
distance from the center =0.51nm.  Figure 2 shows  CFe15Si29 cluster used for calculations. To calculate accurate 
charge, we perform DFT calculation using  Gaussian 03 program[19] with basis set of 6-311G(d).  Estimated 
charges on the basis of Mulliken population analysis are -0.93 for C atom and –0.83for Si atom center of cluster. 
Numerical calculation confirms that   C  atom attracts more electrons  than Si atom because of high 
electronegativity; thus the formation of  bound Wannier exciton with radius of  a few nm could be expected.  
Furthermore if   energy level of electron trapped around C  atom is somewhat less than two valleys in the conduction 
band of ȕ-FeSi2  lattice, then  oscillator strength is expected to be  greatly enhanced without any help of phonon, that 
is, no occurrence of drastic decreases in  oscillator  strength due to thermal quenching.  However detailed  studies 
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including precise calculations  mainly related to the energy level of impurity atom are  much required to improve the 
optical properties  with an emphasis on the formation of Wanier exciton. 
3. Conclusions
 We have examined the roles of induced impurity potential into ȕ-FeSi2  lattice. First, many experiments and 
theoretical calculations suggest that it is very difficult to determine which  transition process is dominant, direct or 
indirect.  Because of  the specific band structure, new mechanism through the  induced impurity potential are needed 
for the improvement of optical properties.  The  role of dislocation  can be, therefore , regarded as the introduction 
of  impurity level caused by the strain field around dislocation, which would probably form weakly bound excitons 
with resulting in   the improvement of optical properties. Secondly, considering the isoelectronic doping, we apply  
the  successful case of    GaP:N to the ȕ-FeSi2 . If  carbon atom is substitutionally dissolved in the ȕ-FeSi2  lattice, 
the oscillator strength would be expected to be  greatly enhanced without any help of phonon because of the 
formation of Wanier exciton around C.  
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